D
eposition via surface limited redox replacement (SLRR) of underpotentially-deposited (UPD) monolayer (ML) 1 has gained many applications in the last two decades. [2] [3] [4] The caveat of this deposition method is the use of the M UPD ML as sacrificial material to reduce/deposit a more noble metal P (galvanic displacement). Over the years, several experimental protocols have been developed. The first basic protocol 1, 5 involves formation of a UPD ML of M on the substrate S(h,k,l) (potential controlled step) and then subsequent immersion of M UPD /S(h,k,l) in a separate solution where SLRR occurs and deposition of P takes place at open circuit (sample shuffling approach). The second protocol involves a similar routine but with a stagnant substrate; the solutions for M UPD ML formation and P deposition are exchanged in a single SLRR cycle 6 (solution shuffling approach). Finally, the latest developed protocol adopts a one-solution, one-cell experimental design. 7, 8 In this case, the same solution serves for UPD ML formation and subsequent SLRR reaction at opencircuit potential. In a first potential-controlled step, co-deposition of UPD ML of M with small amount of P occurs, then the potential control is turned off (opencircuit step), allowing the SLRR reaction and deposition of P to proceed. The details of these three protocols have been frequently discussed in literature 4, 5, 9 and examples are presented also in this issue of Interface.
In many applications concerned with deposition of only a single monolayer of P or ultra-thin films such as core-shell catalyst synthesis for example 2, 3, 5 (P = Pt, Ru, Pd), the properties of deposited films are a direct function of their morphology. [10] [11] [12] [13] [14] [15] Although the basic role of the UPD ML serving as a reducing agent for noble metal ions can be understood from fundamental electrochemical perception, successful control of the deposit morphology requires deeper insight. Specifically, the SLRR reaction stoichiometry, thermodynamics and kinetics and how these relate to the nucleation process 11, 16 on the one hand and the experimental conditions 5, 17 on the other. Therefore, identifying and understanding the fundamental relation between the experimental conditions and processes involved in deposition via SLRR reaction is mandatory if one is to claim full control over the deposit morphology. The aim of this article is to convey these relations using commonly adopted terminology and to point to some opportunities for future developments of this method.
Underpotential Deposition-The First
Step and Enabling Phenomenon
Many electrochemical systems that include a noble metal electrode in solution with different metal ions exhibit the UPD phenomenon. It is diagnosed by the formation of one or two wetting monolayers (MLs) on the electrode surface at potentials that are more positive than the equilibrium potential defined by Nernst equation. In the 1960s and 1970s, extensive studies of many UPD systems were performed on single crystal and polycrystalline electrodes. 18, 19 With the development of different in situ surface characterization methods during the 1980s and 1990s, many UPD systems were re-examined in detail, unraveling more information about the UPD process, its mechanisms and diversity. 20, 21 UPD represents a potential dependent adsorption with great sensitivity and selectivity towards the nature of the metal surface and its termination. The characteristic cyclic voltammetry features associated with the UPD process are demonstrated by one or more deposition/stripping peaks in the underpotential region observed during the potential sweep in the cathodic/anodic direction. The complexity of the voltammetry features arises from the existence of one or more UPD ML superstructures 22, 23 and/or one or more UPD MLs formed. 24, 25 An example of UPD cyclic voltammograms (CVs) is shown in Fig. 1 for two UPD systems commonly used in deposition via SLRR of UPD ML.
Over the years, different analytical models were developed to explain the UPD as a potential dependent adsorption process. [26] [27] [28] [29] The adsorption behavior, in the most cases, is determined by the attractive interactions between the UPD metal and the substrate, and the repulsive interactions between the adatoms within the UPD ML. However, the effect of stored elastic energy in the UPD ML due to the epitaxial strain and the energetics of the anion co-adsorption were found to be important as well. In the quest for proper description of the UPD system one usually resorts to the analytical expression which best describes the underpotential vs. coverage relation, i.e., the UPD isotherm. The Burkenstain-Shwatterian (BS) isotherm is the most general one and offers sufficient depth for the interpretation for most UPD systems. It is formulated as follows:
Here the 'E T o0 0 term represents the underpotential of the most positive stripping peak of the UPD adlayer where its coverage approaches zero. The term f is the Temkin parameter describing the attractive UPD ML-substrate interactions. The term g is the Frumkin parameter representing the lateral adatom interactions within the UPD ML. Examples of fits of the BS isotherm to θ vs. ΔE data for the two UPD systems in Fig. 1A are shown in Fig. 1B .
Stoichiometry of the Surface Limited Redox Replacement Reaction
The UPD ML coverage can be controlled effectively down to a fraction of a monolayer by proper choice of an underpotential (Fig. 1B) . Accordingly, the same accuracy, for the coverage of metal P deposited via SLRR of the UPD M ML is expected. The amount/ coverage of deposited P is controlled by the reaction stoichiometry, and the structure and coverage of the UPD ML of metal M. The most general formulation of the SLRR reaction is given by the following equation: ML coverage and the packing density of M atoms in the full UPD ML with respect to the underlying substrate S(h,k,l). These parameters serve to accurately express the amount of deposited metal P in ML units with respect to the substrate S(h,k,l). In many reports, they are commonly omitted as the authors use consolidated SLRR equation defined only in terms of the stoichiometry coefficients. These presentations generally lack the full information about the expected deposit coverage in a single SLRR cycle. For example, if the metal P forms a 2D-monoatomically thick deposit, one can easily deduce, from Eq. 2, the expected P coverage with respect to the atomic areal density of the substrate. It is defined as:
Practitioners should be aware that the overall stoichiometry of the SLRR reaction also depends on specific experimental conditions favoring one over the other oxidation states of the metal M constituting the UPD ML. A typical example is copper which is stable either as the Cu + or Cu 2+ ion. Direct ligand transfer from depositing noble metal ion complexed with halides ({PX n } (p-n) , P = Pt, Pd, Ru, X = Cl − , Br − …) to dissolving Cu ions could stabilize a {CuX 2 } − complex where Cu has the +1 oxidation state. 16 This situation is generally applicable to experiments where the supporting electrolyte in the SLRR solution does not contain anions with complexing/stabilizing ability towards Cu 2+ such as {ClO 4 } − for example. Therefore, one should make sure to know the main complexing ligands at the interface when considering the stoichiometry of the SLRR of Cu UPD ML.
Driving Force for the SLRR Reaction and Nucleation Rate of Depositing Metal
The electrochemical driving force for SLRR reaction between the P p+ and M UPD ML is the positive difference between equilibrium potential of the bulk P and equilibrium potential of the M UPD ML at its coverage approaching zero limit, θ UPD → 0.
1 This condition is defined as:
, where a stand for activity). The logarithmic term provides a correction for the departure from standard conditions. In general, for most systems involving a noble metal ion-UPD metal ML, the condition described by Eq. 4 is always satisfied (Ag and Pd UPD MLs might be the only exceptions). It is important to recognize that ΔE SLRR can be modified by adjusting the activities of M m+ and P p+ ions in the reaction solution, Eq. 4. Assuming that the ion concentrations are a good approximation for the activity of metal ions, it is a straightforward exercise to show that the nucleation overpotential and nucleation rate (J ∼ exp(−const/(ΔE SLRR )
2 )) 31 are effectively controlled by the metal ions concentration. Clearly, the link between the experimental Brankovic (continued from previous page) conditions and nucleation behavior of the system is rooted in the dependence of ΔE SLRR on the SLRR reaction stoichiometry and the metal ion concentrations in the reaction solution.
Fig. 1. (A) Cyclic voltammograms for Pb UPD on Au(111) (black) and Cu UPD on Au(111) (red
The special case for ΔE SLRR is when there are no M m+ in the reaction solution. Then, the logarithmic term is very large and its contribution dominates the value of ΔE SLRR . This leads to high nucleation rates of P and formation of very small 2D nuclei on the surface. This discussion is qualitatively illustrated in Fig. 2 
Reaction Kinetics vs. Nucleation Kinetics
Thermodynamics arguments formulate a correct framework for understanding the trends in deposit morphology dependence on experimental conditions of SLRR. Nevertheless, they are insufficient to elucidate all mechanistic details of the nucleation process. For this reason, other approaches were developed to establish a complete understanding of the phenomena controlling the deposition via SLRR of UPD ML. Following theoretical considerations from nucleation kinetics, 32, 33 generalized results from recent work show that the nucleation density of P obtained during SLRR of UPD ML of metal M is well described by the following relation: . K SLRR is the SLRR reaction rate constant in s −1 units, Γ M UPD is the surface concentration of the full UPD ML in mol•cm −2 units, D P S is the surface diffusivity of P adatoms over the substrate S(h,k,l) in cm 2 •s −1 and a is the nearest neighbor distance on the surface (cm). The term χ is the numerical constant defined as 1−(n P ) where (n P ) stands for the nucleation probability of P on top of the M UPD ML. 11 θ o,M represents the initial coverage of the UPD ML and the N is the SLRR reaction order in terms of the UPD ML as reactant. Equation 5 only applies for reaction orders where N > 0, i.e., for true SLRR reaction kinetics. When N > 1, the rate constant is defined as follows:
Here . For the case N = 1, the rate constant is defined as follows:
The proper determination of the reaction order and rate constant during SLRR of UPD ML is a somewhat challenging task. 17, 34 To a first approximation, the value of N can be taken from the SLRR reaction stoichiometry assuming that it is an elementary red-ox process. However, a more proper methodology for the determination of the SLRR reaction kinetics parameters requires in situ measurements that monitor the UPD ML coverage during the reaction. One way to do this is by measuring the surface reflectivity during SLRR reaction and fitting the obtained data by an appropriate rate equation to extract the rate constant and reaction order. 34 Another way to do this is by measuring the open circuit potential (OCP) during the SLRR reaction. 17 This approach is somewhat easier to implement. It requires the derivation of an analytical model for the dependence of E vs. t during the SLRR reaction to fit the experimental OCP data and extract the parameters of the reaction kinetics. 17 The E versus t models are obtained by combining the appropriate rate equation 35 with a representative UPD adsorption isotherm, such as Eq. 1. Results from such an analysis are shown in Table I below. .This is of particular importance for the catalysis community where finite size effects are shown to dominate the Pt ML catalyst activity. 10, 15, 37 Control of the nucleation density and the average cluster size in a single SLRR cycle is also of great interest for thin film growth applications. Homo-and hetero-epitaxial systems that exhibit 3D growth at room temperature due to kinetics limitation can be effectively forced to grow in 2D mode by enhancing the nucleation density and producing smaller nuclei during the growth process. 38 To illustrate the arguments presented here, we focus on Fig. 3 where plots of Eq. 5 are presented using SLRR kinetics parameters from Table I . The case N = 4 is the starting point in the discussion (bold red). First, we address the effect of K SLRR on n P SLRR . By definition, K SLRR is proportional to the bulk concentration of P (Pt) ions, Eq. 6 and Eq. 7. A 100× dilution of {PtCl 6 } 2− ions, (from 10 −3 M to 10
) results in a 40× decrease in K SLRR ( Table I ). Considering that α 0 ∼ (K SLRR ) 1/3 , an approximately 3.5× lower nucleation rate is expected. The calculated functional relation between n Pt SLRR and θ o,Cu for 10 −5 M {PtCl 6 } 2− is shown in Fig. 3 as a green dashed line. The mathematical form of the relation does not change and evidently, higher concentration of {PtCl 6 } 2− would produce qualitatively the same effect but in the opposite direction, i.e., n Pt SLRR would increase 3.5×.
(continued on next page) (Fig. 3, black line) . The maximum value of n Pt SLRR increases almost 75% and further shifts toward the lower values of θ o,Cu (θ o,Cu = 0.23, for n Pt SLRR = max). The overall conclusion is that a larger m/p ratio produces a higher nucleation density and a deposit with smaller nanoclusters. The opposite is true when the reaction order is considered. The higher the SLRR reaction order, the lower the nucleation density is, i.e., a deposit with larger nanoclusters is expected.
Brankovic (continued from previous page)
An additional way to alter the values of K SLRR and n P SLRR is by manipulating the experimental conditions that directly influence the fundamental rate constant k. Studies of the SLRR reaction kinetics during Au deposition via SLRR of Pb UPD ML using a one-solution, one-cell protocol show that k is linearly dependent on Pb 2+ concentration, C Pb ∞ , Fig. 4A . 34 A higher concentration of Pb 2+ leads to larger values of k. 100% increase in the value of k (or kξ) is observed for one order of magnitude increase in Pb 2+ concentration. Considering the generalized notation adopted throughout the manuscript, we can state that experimental data in Fig. 4A indicate k = f(C M ∞ ). The k dependence on C M ∞ can be explained by looking into the intrinsic relations between the definitions for the fundamental rate constant, 39 k ∼ exp(−ΔG # /RT), the free energy of the activated complex, 40 ΔG # = (ΔG SLRR + λ) 2 /4λ and ΔE SLRR , Eq. 4. 1 After recalling 
Here, λ represents the reorganization energy in J.mol −1 units while F and R are the Faraday and universal gas constants respectively. The fit of the functional defined by Eq. 8 to kξ versus C Pb ∞ data is plotted in Fig. 4A , dashed lines. We conclude that increasing the UPD metal ion concentration lowers the free energy for the SLRR reaction, which in turn leads to a lower free energy of the activated complex (energy barrier for SLRR reaction), and this leads to a larger value of the fundamental rate constant. A pictorial form of this conclusion is shown in Fig. 4B .
Additionally, Eq. 8 provides functional describing of the of C P ∞ effect on k. Significantly, an increase in C P ∞ leads to lower values of k, i.e., C P ∞ has an opposite effect on k than C M ∞ . However, per Eq. 6 and Eq. 7, the term C P L f is multiplicand in the mathematical description of K SLRR . These apparently conflicting effects of C P ∞ on the overall value of K SLRR suggest a complex K SLRR versus C P ∞ dependence. Yet, the experimental studies of SLRR kinetics during Au deposition via SLRR of UPD Pb ML show that K SLRR is increasing monotonically with increasing values of C P ∞ . 34 Therefore, more experiments with diverse conditions are necessary for a better understanding of the C P ∞ effects on K SLRR . As a conclusion, we should emphasize the fact that proper design of the metal ion concentrations in the reaction solution represents an extra "knob" to manipulate the nucleation density and to fine-tune the overall morphology of the deposit obtained by SLRR of UPD ML.
Recent studies that certainly deserve more experimental and theoretical attention demonstrate a large effect of the supporting electrolyte on the fundamental rate constant. Experimental data are shown in Fig. 5 for the SLRR reaction between Au 3+ and Pb UPD ML on Au(111). 34 The results are intriguing since there is no obvious effect of the supporting electrolyte on reacting species neither is an obvious relation between the supporting electrolyte concentration and the definition of K SLRR or k. Nevertheless, the k versus C HClO 4 ∞ trend in Fig. 5 can be discussed by considering a basic postulate of the Debye-Huckel theory of electrolyte. 41 . dependence. Therefore, more perchlorate ions in solution will reduce the value of the Debye length. This means that the effective Coulomb field surrounding a potentially reacting Au 3+ ion near the surface is felt at shorter distance if the reaction solution contains more HClO 4 . Because of that, the distance between Au 3+ and Pb UPD adatoms necessary for effective electron transfer/tunneling has to be shorter. This leads to lower spatial probability of reactive encounter between Pb UPD adatoms and Au 3+ ions and one could expect slower kinetics of the red-ox process and lower values of the rate constant in solution with higher C HClO 4 ∞ . Therefore, the proper design of the supporting electrolyte concentration in the reaction solution is an elegant way to control the SLRR reaction kinetics and nucleation density and thus to control the morphology of the deposit.
Conclusion and Future Prospects
Future prospects for metal deposition via SLRR of UPD ML are quite exciting. New ideas and approaches focusing on development of diverse protocols with even more possibilities for deposit morphology control are being researched. Along these efforts, one concept that certainly deserves more attention is metal deposition via SLRR of a UPD ML guided by organic templates. 42 This concept is based on the spatial control of the nucleation probability using an organic phase which shows ordering on the electrode surface in the potential range of the SLRR reaction. The proof of this concept is shown in Fig. 6 . The STM image of an organized layer consisting of PTCDI + melamine molecules 43 adsorbed on top of Cu UPD /Au(111) and serving as a template is shown in Fig. 6A . The tri-fold symmetry and organization of the 2D organic phase is evident. The center to center spacing of the unit cells (cages) in the structures is approximately 0.9 nm while the diameter of the empty space within the cell is ~0.7 nm. After SLRR of Cu UPD ML by {PtCl 6 } 2− through the PTCDI + melamine layer, Pt is deposited on Au(111) forming islands/patches consisting of a wellorganized population of Pt nanoclusters, Fig. 6B and 6C . 44 The effect of the organic template is obvious, Fig. 6B . The size and organization of Pt nanoclusters replicate the arrangement and symmetry of the organic template, Fig. 6C .
The discussions presented in this article highlight the current understanding of the fundamental relations governing the nucleation process during metal deposition via SLRR of UPD ML. They describe phenomenological links between the reaction solution design, choice of the UPD metal ML and SLRR reaction stoichiometry on the one hand and the SLRR reaction kinetics parameters, nucleation density, 11, 16 and resulting morphology of the deposit 4,10 on the other. The general trend is that experimental conditions and solution design leading to SLRR reactions with faster kinetics yield higher nucleation density and deposits with smaller clusters for a given starting coverage of UPD ML. The experimental conditions promoting a larger m/p ratio and lower reaction order in terms of the θ o,M do promote higher nucleation density and formation of deposits with smaller nanoclusters. These considerations are particularly important when one considers deposition via SLRR of UPD ML for catalyst ML synthesis application.
Design of the optimum experimental conditions for a desired catalyst ML morphology is a function of its application and intended use in a particular reaction. In the case where high activity of the catalyst ML is desired, the conditions promoting low nucleation density and formation of deposit ML morphology with larger nanocluster should be used. However, if poisoning of the catalyst by intermediates hinders the particular reaction kinetics, the synthesis of catalyst ML with modest activity might be beneficial to retain a good reaction yield and the desired reaction pathway. 37 In this case, the conditions promoting high nucleation density and small average size of nanoclusters should be chosen. 
